Abstract
Silencing of ADIPOQ Efficiently Suppresses Preadipocyte Differentiation in Porcine
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Introduction
In recent years, a major research goal for zoologists has been to improve livestock quality, particularly in reducing body fat deposition in livestock [1] . Therefore, studies on adipose tissue have become a focus of research. Adipose tissue is not only an energy storage organ but also an important endocrine organ [2] . This tissue is composed of a large number of adipocytes, which are generated through the sequential differentiation of lipoblasts to preadipocytes and immature adipocytes. Adipocyte differentiation is accompanied by changes in gene expression. The transcription factors involved in the early, middle and late stages of differentiation are LPL [3] , PPARγ [4, 5] and AP2 [6] , respectively.
Adiponectin (ADIPOQ) is a collagen cytokine secreted by adipose tissue that can regulate the energy homeostasis, glucose metabolism and lipid metabolism of an organism. It is the only adipocyte-specific protein identified thus far that is negatively correlated with obesity [7] . ADIPOQ is an important in vitro signaling molecule that regulates adipocyte differentiation in adipose tissue. Expression of ADIPOQ in adipose tissue affects obesity in rodents and humans [8] . Our previous study utilized microarray technology to establish the expression profile of differentially expressed genes in the longissimus dorsi muscles of northeastern indigenous pigs and large white pigs. We demonstrated that ADIPOQ gene expression was significantly associated with fatty acid oxidation, the positive regulation of fatty acid metabolism and fatty acid β-oxidation, which play a critical role in the adipokine signaling pathway [9] .
Therefore, in this study, we used healthy Junmu1 piglets less than 7 days of age as experimental animals to establish an in vitro culture system for porcine preadipocytes. Chemically synthesized shRNA were transfected into porcine preadipocytes to silence ADIPOQ expression. To investigate the effects of ADIPOQ expression on the differentiation of porcine preadipocytes, we monitored differentiation and measured the mRNA levels of adipocyte differentiation transcription factors, including LPL, PPARγ and AP2. Our study helps to elucidate the differentiation patterns of porcine preadipocytes, improves our understanding of adipose deposition in pigs and further reveals the function of the ADIPOQ gene in the porcine fat deposition process. Therefore, this study provides the basis for using this gene as a molecular marker for pork quality and applying this gene in early breed selection.
Materials and Methods

Experimental animals
The piglets used in this study were healthy Junmu1 piglets less than 7 days old and raised in Original Breeding Pig Farm of Jilin University (Changchun, China). Experiments were performed in accordance with the Guiding principles in the use of animals, adopted by the Chinese Association for Laboratory Animal Sciences. The study plan was approved by the Ethics Committee on the Use and Care of Animals, Jilin University.
Isolation and culture of porcine preadipocytes
The subcutaneous fat from the back of the neck was collected aseptically from piglets less than 7 days old, rinsed in phosphate buffered saline (PBS) containing 5% double antibiotics and transferred to a glass dish to remove non-target tissues. The adipose tissue was cut into pieces approximately 1 mm 3 in size using ophthalmic scissors and transferred to 50-ml centrifuge tubes, and 6 ml of DMEM/F12 (Gibco, Beijing, China) containing 0.2% collagenase I (Sigma, Shanghai, China) was added followed by a 90-min incubation in a 37 °C thermostatic water bath. The digestion was terminated by adding complete culture medium, and the digested solution was filtered through 80-mesh and 200-mesh cell sieves. The filtered solution was collected and centrifuged at 1500 rpm for 10 min, and the supernatant was then discarded. The pellet was resuspended in 1 ml of complete culture medium and mixed well by pipetting. This suspension was placed into a 25 cm 2 cell culture flask, and 5 ml of complete culture medium was added followed by incubation in a 37 °C and 5% CO 2 incubator. The culture medium was changed once every 2 days, and the cells were passaged once every 3 days.
Construction of a porcine preadipocyte growth curve
The fourth generation of subcultured cells was prepared as a single-cell suspension in complete culture medium, the cell concentration was adjusted to 1 × 10 4 per ml, and the cells were seeded in 24-well and 0.6 µg of ADIPOQshRNA were each added separately to 250 µl of serum-free and antibiotic-free Opti-MEM (Gibco, Beijing, China) medium. The above Lipofectamine-Opti-MEM and shRNA-Opti-MEM mixtures were gently rocked for 5 min. The two mixtures were then combined and incubated at room temperature for 20 min. The culture medium in the culture plates was discarded and replaced with the shRNA-Lipofectamine TM 2000 mixture. The transfection was terminated by the addition of 2 ml of complete medium 6 h later. For each treatment group, cell morphology was observed at 24 h, 48 h and 72 h post-transfection.
Transfection efficiency = (The number of fluorescent cells×100%) ÷ (The number of cells in the same visual fields).
Count randomly the number of cells in four visual fields. Calculate transfection efficiency according to formula. Compute average value. Transfection efficiency is 61%.
Real time PCR (RT-PCR)
After transfection, the cells were digested with 0.25% trypsin (Gibco, Beijing, China), and total cellular RNA was extracted using TRIzol Reagent (Invitrogen, Beijing, China) at 24 h, 48 h and 72 h post-transfection. Total RNA was reverse-transcribed into cDNA using a reverse transcription kit (Takara, Dalian, China), and the resulting cDNA was used as template for RT-PCR. The sequence of the upstream primer used for RT-PCR was TAT GAT GTC ACC ACT GGC AAA, and the downstream primer was TAG AGG AGC ACA GAG CCA GAG. The expected size of the amplified fragment was 185 bp. The PCR reaction system included 10 µl of RealMasterMix, 0.5 µl each of the upstream and downstream primers (10 pmol/µl), 2 µl of cDNA template and 7 µl of ddH 2 O. The RT-PCR conditions were as follows: 95 °C for 2 min followed by 40 cycles of 95 °C for 15 sec, 60 °C for 20 sec and 72 °C for 1 min. The relative quantification method (2 −∆∆Ct method) was used to analyze the levels of ADIPOQ mRNA. Each experiment was repeated three times.
Western blot analysis
Anti-pig β-actin and anti-ADIPOQ primary antibodies were purchased from Santa Cruz Biotechnology, Inc. At 48 h post-transfection, the cells were digested with 0.25% trypsin, and the cellular proteins were extracted using a total protein extraction kit (BestBio, Shanghai, China). Then, 50 µg of the protein samples were mixed with 5× sample loading buffer and boiled in a 105 °C metal heat block for 10 min, separated by electrophoresis on a 12% SDS-polyacrylamide gel and transferred to a nitrocellulose membrane with a pore size of 0.45 µm. The membrane was blocked in nonfat milk for 2 h at room temperature followed by incubation with primary antibodies against ADIPOQ and β-actin at 4 °C overnight and subsequently with peroxidase-conjugated goat anti-rabbit IgG antibodies (Boster, Wuhan, China) at room temperature for 2 h. X-ray film was exposed using the chemiluminescence method.
Induced differentiation of transfected cells
The fourth generation of subcultured preadipocytes was seeded into 6-well plates and cultured in complete culture medium (50 ml of DMEM/F12 containing 5% serum and 1% double antibiotics) for one day. Differentiation medium (50 ml of complete culture medium containing 15 mM NaHCO 3 , 15 mM HEPES, 33 µM calcium pantothenate, 17 µM transferrin and 10 µg/ml insulin) was added, and the time was recorded as day 0 of induction. The medium was changed every other day, and the changing pattern of lipid droplets in the cells was observed. Growth curve of porcine adipocytes after induction was constructed. The method was same as construction method of the porcine preadipocyte growth curve.
Morphological observation of differentiated adipocytes
Cells of the transfected, negative control and untransfected groups were gently rinsed with PBS three times, and the cells were fixed in 10% neutral formalin for 30 min. Oil Red O staining solution was added to sufficiently cover the bottom of the 6-wells plates followed by 20 min of staining. Cells were then rinsed
Detection of biochemical indicators after adipocyte differentiation
The cell culture plates containing the transfected, negative control and untransfected groups were fixed in 10% neutral formalin for 30 min, washed with PBS and stained with Oil Red O for 40 min. The staining solution was removed followed by a PBS wash. The stained cells were dissolved in 1 ml of 100% isopropanol for 15 min, and a blank with the same treatment served as the control. The absorbance values (OD) at a wavelength of 490 nm were recorded using a visible spectrophotometer. Each group included three replicates.
RT-PCR detection of changes in LPL, PPARγ and AP2 mRNA expression
Total RNA from adipocytes transfected for 48 h was extracted using TRIzol. The Takara reverse transcription kit was used to reverse-transcribe the RNA. RT-PCR was performed to detect changes in the levels of the adipocyte differentiation transcription factors LPL, PPARγ and AP2 mRNA after transfection. The PCR primer sequences are listed in Table 1 
Statistical analysis
The experimental data are expressed as the mean ± standard deviation (SD). One-way ANOVA using SPSS16.0 was used for analysis of variance and tests of significance, and the differences between the treatment groups were compared using the Least Significant Difference test.
Results
Culture of porcine adipocytes
The growth curves of porcine adipocytes before and after induction are shown in Figure  1A , which are similar. The preadipocytes entered the latent phase approximately 2 d after 
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Cellular Physiology and Biochemistry inoculation followed by a logarithmic growth phase on day 3 and a plateau phase on day 6 of culture. The number of preadipocytes peaked on day 7, with up to 13.5 × 10 4 cells. The preadipocytes entered a decline phase after 8 d in culture.
After 6 h of culture, the collagenase-digested preadipocytes began to show a small number of scattered adherent fibroblast-like cells and spherical non-adherent cells. Most of the adherent cells were short and spindle-shaped or irregular and triangular. In Figure 1B , after 24 h of culture, the cells showed an overlapping growth pattern when the cell density was too high. Moreover, the lack of nutrients for cells and the effects of metabolites on cell growth led to contact inhibition. Figure 1C shows the cells after 7 d of culture.
Detection of silencing effect
The ADIPOQ-shRNA containing green fluorescent protein was transfected into porcine preadipocytes. After 24 h, successful transfection was observed as the expression of green fluorescent protein by fluorescence microscopy ( Fig. 2A) , whereas the un-transfected group did not show fluorescence. Green fluorescent protein expression was strongest at 48 h posttransfection and gradually decreased by 72 h post-transfection (Fig. 2A) .
The relative levels of ADIPOQ mRNA at 24 h, 48 h and 72 h post-transfection were significantly lower than in the untreated and the negative control groups (P < 0.01). No Changes in the mRNA levels of adipocyte differentiation transcription factors after transfection RT-PCR results showed that the mRNA levels of the adipocyte differentiation transcription factors LPL, PPARγ and AP2 changed. Compared with the untreated and the negative control groups, the LPL, PPARγ and AP2 mRNA levels in the transfected group were significantly reduced (P < 0.01), whereas the untreated and the negative control groups did not show significant differences (P > 0.05) (Fig. 4) .
Discussion
The growth curve of cells is an important manifestation of the basic patterns of cell growth. In this study, porcine preadipocytes proliferated exponentially beginning from day 3 of in vitro culture. The rate of proliferation began to decrease and entered the plateau phase of cell growth on day 6. Cell numbers peaked on day 7, and the total number of cells declined on day 8 upon entering the decline phase (Fig. 1A) . The growth curve was approximately S-shaped, consistent with standard cell growth and proliferation patterns. This study found that small lipid droplets also appeared in preadipocytes in the absence of differentiationinducing agents after culturing preadipocytes for 7 d, which is consistent with reports by Akambi et al. [10] and Ding et al. [11] .
ADIPOQ is the most abundant protein secreted by white adipose tissue. It is closely associated with fat metabolism and involved in the regulation of adipose tissue deposition [12] . Its secretion negatively correlates with adipose tissue deposition [13, 14] . A previous study by Yamauchi et al. showed the relationship between ADIPOQ and AMPK revealed that ADIPOQ functions by promoting the phosphorylation of acetyl coenzyme A carboxylase, fatty acid oxidation and glucose uptake and reducing gluconeogenesis in the liver and glucose levels in the body [15] . Combs et al. found that ADIPOQ could reduce the production of glucose by reducing the activity of glucose-6-phosphatase while significantly increasing the level of hepatic glucose phosphorylation in mouse models [16] . Moreover, ADIPOQ can enter the cerebrospinal fluid from the blood to act on neurons, thereby increasing glucose metabolism and reduce animal body weight [17] . Fruebis et al. found that the injection of low doses of ADIPOQ in mice can reduce the body weight of obese mice on a high sucrose diet without reducing food intake but increasing fatty acid oxidation, thereby regulating the body's energy balance [18] .
In the present study, we confirmed that interfering with the expression of ADIPOQ suppresses the differentiation of preadipocytes and reduces lipid accumulation, which is consistent with the result of Yuchang Fu et al. [19] and Combs et al. [20] . Yuchang Fu et al. demonstrated that overexpression of ADIPOQ can enhance 3T3-L1 fibroblast proliferation, accelerate adipocyte differentiation, and infully differentiated adipocytes, augment lipid accumulation [19] . Combs et al. demonstrated that the overexpression of ADIPOQ can enhance the proliferation, differentiation and lipid accumulation of 3T3-L1 cells [20] . However, Bauche et al. [21] found ADIPOQ overexpression impaired adipocyte differentiation and less lipid accumulation. Why Bauche et al. indicate different result? Firstly, Bauche's result and our result are obtained from the study in vivo and in vitro, respectively, which may result in different and even contradict conclusion. Adipocyte culturing process in vitro lacks regulatory mechanism of internal environment in the process of study in vivo. Secondly, continuing stimulus of inducer contributes to the discrepancy. Finally, ADIPOQ acts locally at the tissue level to maintain adipocyte size and mass around an equilibrium set point [19] . ADIPOQ functions as an adipocyte differentiation factor [19] . The viewpoint could support our conclusion. 
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ShRNA is a type of double-stranded RNA that most closely resembles naturally occurring double-stranded RNA. ShRNAs are not easily degraded, and it is simple to transfect cells directly with synthetic shRNA in a quantitative manner [22] . Fluorescent shRNA has proven to be an effective approach for monitoring transfection efficiency and optimizing transfection methods. To confirm the specificity of the shRNA, we transfected cells with a randomly synthesized negative control shRNA without any antisense sequence. The negative control shRNA did not inhibit adipocyte differentiation. In this study, we investigated the function of ADIPOQ in adipocyte differentiation by transfecting target-specific shRNA. Our results show that the shRNA method can effectively block the expression of the ADIPOQ gene in porcine preadipocytes (Fig. 2) . Western blot analysis shows that although ADIPOQ protein expression was significantly decreased, expression persisted (Fig. 2C) , suggesting that ADIPOQ-shRNA could not completely suppress ADIPOQ gene expression. This phenomenon may be explained by shRNA transfection efficiency and the presence of other critical factors in the lipogenesis pathway, such as EBF-1 [23] . Porcine preadipocytes have a certain degree of differentiation potential and the ability to spontaneously differentiate into mature adipocytes when grown to confluency. In this study, we successfully induced the in vitro differentiation of preadipocytes into mature adipocytes. The results of the morphological and the OD value studies (Fig. 3) confirm that ADIPOQ-shRNA inhibited adipocyte differentiation, suggesting that porcine preadipocytes can be used as a model to study the in vitro differentiation of adipocytes.
LPL is an important factor for regulating lipid accumulation and lipid mobilization. In in vitro cultures of adipocytes, LPL is expressed early during the differentiation of the cell [24] . Oku et al. (2006) demonstrated a similar expression pattern of the LPL gene during differentiation of stromal vascular cells to mature adipocytes in red snapper and during differentiation of preadipocytes cultured in vitro to mature adipocytes [25] . LPL expression begins early in lipogenesis. Moreover, LPL mRNA levels increase during the differentiation processes [26] . Therefore, when the transcription factor ADIPOQ is inhibited, the expression level of the early differentiation factor LPL is also reduced (Fig. 4) . PPARγ plays an important role in adipocyte differentiation [27] [28] [29] and can initiate the expression of adipose tissue-specific genes [30] . Studies of impaired lipogenesis have demonstrated that PPARγ can promote lipid accumulation in adipocytes. During adipocyte differentiation, the PPARγ gene is induced and expressed earlier than most of the adipocyte-specific genes [31] , and the expression of this gene stimulates preadipocytes to differentiate into mature adipocytes. Hosono et al. [32] and Xu et al. [33] used adenovirus vector-mediated RNAi and siRNA to silence the expression of PPARγ and found that the differentiation of the 3T3-L1 preadipocytes and human preadipocytes was inhibited [32, 33] . It has been shown that AP2 is also one of the key genes involved in adipocyte differentiation and is highly expressed in the late stages of adipocyte differentiation [34] . In the present study, we found that after transfection of ADIPOQ-shRNA, the expression of PPARγ and AP2 was reduced (Fig. 4) and adipocyte differentiation was inhibited.
In this study, we used RNA interference of ADIPOQ mRNA expression, leading to a significant reduction in the mRNA levels of adipocyte differentiation transcription factors, thereby affecting the differentiation of preadipocytes into mature adipocytes. Therefore, ADIPOQ is an important and indispensable regulator of adipocyte differentiation. 
